mechanism of inhibition than a simple pore occlusion. Our data suggest that the binding of to either the open or the closed state induces conformational changes that "inactivate" the channel. This inactivation emulates the well-established inactivation mechanism for voltage-gated cation channels. The structural and functional implications of our results are discussed.
M A T E R I A L S A N D M E T H O D S
Cell culture and transient expression of CFTR NIH3T3 cells stably expressing WT-CFTR channels and Chinese hamster ovary (CHO) cells were grown at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% FBS. WT or mutant CFTR channels were expressed transiently in CHO cells. The cDNA constructs were cotransfected with pEGFP-C3 (Takara Bio Inc.) encoding green fluorescent protein using transfection reagent (PolyFect; QIAGEN) according to the manufacturer's protocols. Before patch clamp recordings, cells were plated on sterile glass chips in 35-mm tissue culture dishes and incubated at 27°C for 1-2 d.
Inside-out patch clamp recordings
Patch clamp pipettes were made from borosilicate capillary glass using a two-stage vertical puller (Narishige). The pipette tips were fire polished with a homemade microforge to yield a pipette resistance of 3-5 MΩ measured in the working solution. Before the recording, a glass chip with cells grown on it was placed into a continuously perfused chamber on the stage of an inverted microscope (Olympus). CFTR currents were recorded at room temperature (22-24°C) with an amplifier (EPC9; HEKA). Data were filtered at 100 Hz with an eight-pole Bessel filter (Warner Instruments) and captured onto a hard disk at a sampling rate of 500 Hz. The membrane potential was held at 60 mV. Downward deflections in the current trace indicate channel opening. The current traces were reversed in polarity for data presentation.
The standard pipette solution contained (in mM): 140 NMDGCl, 2 MgCl 2 , 5 CaCl 2 , and 10 HEPES, pH 7.4 with NMDG. The bath solution contained (in mM): 145 NaCl, 5 KCl, 2 MgCl 2 , 1 CaCl 2 , 5 glucose, 5 HEPES, and 20 sucrose, pH 7.4 with NaOH. The perfusion solution after patch excision contained (in mM): 150 NMDG-Cl, 10 EGTA, 10 HEPES, 8 TRIS, and 2 MgCl 2 , pH 7.4 with NMDG.
Data analysis
The steady-state mean currents used for calculation of the degree of inhibition were calculated with IGOR software (WaveMetrics). The mean baseline currents were subtracted before the data were used for calculations. Kinetic parameters were extracted from patches with five or fewer simultaneous channel opening steps using a program developed by L. Csanády (for details, see Csanády, 2000) . For a given , the mean open (closed) time in the presence and absence of CFTRinh-172 was calculated as an average over 5-10 patches.
All averaged data are presented as means ± SEM; n represents the number of patches. Student's t tests were performed using conformational changes involved in the opening and closing of the gate (Chen and Hwang, 2008; Hwang and Sheppard, 2009 ). The molecular mechanism underlying CFTR gating has been extensively studied with numerous nucleotide and phosphate analogues (e.g., Aleksandrov et al., 2002; Vergani et al., 2003; Zhou et al., 2005; Cai et al., 2006; Tsai et al., 2009 ). The major advantage of these reagents is that the site of action is in the ATPbinding pockets. However, this same feature also limits the mechanistic insights within the role of NBDs in CFTR gating. In contrast, CFTRinh-172 does not compete with ATP . Thus, unraveling how CFTRinh-172 works and identifying its site of action could shed light on the gating mechanism beyond NBDs.
Despite the high specificity of CFTRinh-172 on CFTR gating, very limited studies have been conducted to understand how it works Caci et al., 2008) . The inhibition was found to be potent, rapid, reversible, and voltage independent, despite the fact that CFTRinh-172 carries a negative charge. Patch clamp experiments have shown that CFTRinh-172 reduces the open probability (Po) but does not change the unitary conductance. It was also reported that the decrease in Po was caused by an increase of the mean closed time with the mean open time being unchanged. Based on the lack of voltage dependence and an absence of changes in the open time, it was proposed that CFTRinh-172 affects channel gating rather than occludes the pore, and that the inhibitor probably acts during the closed phase of the gating cycle. However, it is strange that the degree of inhibition for G551D and G1349D was of the same order of magnitude as that of wild-type (WT)-CFTR, despite a very different closed time among these three channels (Bompadre et al., 2007) .
Another set of experiments was performed to test the possibility that CFTRinh-172 interacts with the pore region of CFTR proteins (Caci et al., 2008) . The effect of mutations in amino acid residues of the sixth transmembrane helix of CFTR on the apparent affinity of CFTRinh-172 has been examined. Fluorescence assays and whole cell patch clamp experiments have shown that mutations of several residues in this segment alter the sensitivity to CFTRinh-172. However, the residue in this region of CFTR, when mutated, that exhibits the most changes in the apparent affinity for CFTRinh-172 is R347, which does not line the permeation pathway (Cotten and Welsh, 1999; Bai et al., 2010) .
The purpose of the current work was to elucidate the kinetic mechanism of CFTR inhibition by CFTRinh-172. Contrary to previous reports, we found that the mean open time of the CFTR channel is decreased by CFTRinh-172, and that prolongation of the channel open time leads to more potent inhibition. Although these findings support the idea that the inhibitor acts when the channel is opened, the nonlinear relationship between the closing rate and implies a more complicated with a single-exponential function, yielding a time constant of 40 s (42.0 ± 5.3 s; n = 17). The concentration dependence of the effect of CFTRinh-172 is shown in Fig. 1 B. Fitting the dose-response relationship with the Hill equation yields an IC50 of 1.1 µM and a Hill coefficient of 1, results very similar to those reported by Taddei et al. (2004) . It should be noted that even at 10 µM (>6 × IC50), the inhibitor did not abolish all the current. Also as reported by Taddei et al. (2004) , we found that the effect of CFTRinh-172 on CFTR is not sensitive to the membrane potential (Fig. 1, C and D) .
Effects of CFTRinh-172 on single-channel kinetics
Although the results shown in Fig. 1 basically agree with what has been reported by Taddei et al. (2004) , some differences emerged when we examined single-channel kinetics of CFTR in the presence of CFTRinh-172. The major kinetic effect of CFTRinh-172 on CFTR was reported to be an increase of the closed time without changes of the open time. For an inhibitor that only prolongs the closed time, a simple three-state scheme, C inh ↔C↔O, can be used to explain the results. However, this scheme will not be sufficient if the open time is altered by the inhibitor. Fig. 2 shows recordings of WT-CFTR in inside-out membrane patches containing few channels so that individual openings and closings can be discerned and microscopic kinetic parameters can be obtained. Even by eye inspection, one can observe a decrease of the open time accompanying a prolonged closed time in the presence of CFTRinh-172. This effect of CFTRinh-172 on the open time is even more prominent on P-ATP-opened SigmaPlot (version 4.0; Systat Software Inc.) , and effects were considered significant if P < 0.05.
Reagents
MgATP, PPi (tetrasodium salt), and PKA were purchased from Sigma-Aldrich. N6-(2-phenylethyl)-ATP (P-ATP) was purchased from BioLog Life Science Institute. MgATP and PPi were stored as a 250-mM stock solution at 20°C. 10 mM P-ATP stock solution was stored at 80°C. The [PKA] used in this study was 1.6 µg/ml.
Online supplemental material
We performed Monte Carlo simulations based on the proposed Scheme 3 to reproduce some of our major findings. The online supplemental material includes simulated results mimicking experimental data shown in Figs. 1, 3 
R E S U L T S
Voltage-independent inhibition of CFTR current by We studied the effect of CFTRinh-172 on CFTR Cl  channels in excised inside-out membrane patches from CHO cells transfected with cDNA encoding WT or mutant CFTR. The channels were first activated by phosphorylation to a steady state with 1.6 µg/ml PKA and 1 mM MgATP. After activation, patches were exposed to 1 mM MgATP, and then to 1 mM MgATP plus different concentrations of CFTRinh-172. Fig. 1 A shows representative recordings where 1 and 10 µM CFTRinh-172 cause 50 and 90% reduction of the original current, respectively, and this inhibition is reversible, as removal of the inhibitor recovers all the current. The current recovery phase upon washout of the inhibitor can be fitted bound channels open with a shorter open time; i.e., O' inh ↔C inh ↔C↔O (Scheme 2).
Effects of the open time on the apparent affinity of The observation that, at a submaximal , the degree of inhibition is higher for WT-CFTR opened with P-ATP than that with ATP suggests a relationship between the stability of the open state and IC50. As shown in Fig. 2 C, (Bompadre et al., 2005) . Fig. 4 A shows a representative current trace with two opening steps. Microscopic kinetic analysis revealed a mean open time of 1,017.1 ± 45.4 ms (n = 5) for this mutant CFTR. Fig. 4 B demonstrates the effects of 1 µM CFTRinh-172 on the macroscopic current of D1370N-CFTR. Compared with WT-CFTR (50% inhibition), >80% inhibition was observed at this concentration of CFTRinh-172. This more efficacious inhibition is accompanied by an even slower rate of recovery upon washout of CFTRinh-172 in the continuous presence of ATP. The time course of current recovery can be fitted well with a single-exponential function (Fig. 4 B, red line), yielding a rate constant of 0.006 ± 0.001 s 1 (n = 15), which is approximately fivefold slower than the rate of recovery for WT-CFTR (Fig. 1 ). This decrease in IC50 for CFTRinh-172 is best seen with the dose-response channels, as this high-affinity ATP analogue increases the open time of WT-CFTR (Fig. 2, B and C) . At a macroscopic level, P-ATP-gated channels also seem more sensitive to CFTRinh-172 (66% inhibition for P-ATP-vs. 51% inhibition for ATP-gated channels at 1 µM CFTRinh-172).
Shortening of the open time implies that the inhibitor works when the channel is in the open state and is typically one of the main characteristics of an open-channel blocker. Therefore, it is important to first examine the possibility that CFTRinh-172 acts by occluding the pore as a simple open-channel blocker.
The mechanism of action for simple pore blockers can be described by the minimum scheme C↔O↔B, where C↔O and O↔B represent the ATP-dependent gating and inhibitor-dependent blocking steps, respectively. This scheme predicts a linear relationship between the closing rate of the channel and the concentration of the inhibitor as demonstrated for glibenclamide blockade of CFTR (Zhou et al., 2002) . We measured the closing rate (i.e., 1/ o ) at different . Interestingly, instead of a simple linear relationship between the closing rate and , our results show a hyperbolic relationship (Fig. 3) . Because shortening of the open time itself suggests that the inhibitor can bind to the open state (also see below), this saturation function can be described by a more expanded scheme: C↔O↔O inh ↔I inh (Scheme 1). Here, the binding of the inhibitor to the open state (O inh ) by itself does not abolish the current, but it may induce some conformational changes that result in a nonconducting or "inactivated" state, I inh . Alternatively, the inhibitor may bind to the closed state, but the inhibitor- The extremely high stability of the inhibited state for locked-open channels is also represented in the washout phase of the experiment. Fig. 6 A shows that once the locked-open WT channels are inhibited, removal of CFTRinh-172 in the continuous presence of ATP results in an extremely slow recovery of the current. When we fitted the time course of the current recovery phase with a single exponential function, the time constant was on the order of hundreds of seconds. A similar observation was made with E1371S-CFTR channels locked open with ATP (Fig. 6 B) . One technical difficulty with this type of long-lasting experiments is the possibility of rundown induced by membrane-associated phosphatases (e.g., Weinreich et al.,1999) , although during the slow relationships (Fig. 4 C) . Indeed, the doseresponse curve shifts further to the left. It is technically difficult to assess the effect of CFTRinh-172 at a concentration <5 nM because the inhibition at very low inhibitor concentrations is extremely slow, so that the time course of CFTR inhibition by CFTRinh-172 is easily distorted by current decrease as a result of channel rundown. Therefore, we were not able to obtain a more complete dose response for locked-open WT channels. Nevertheless, the data shown in Fig. 5 C suggest an IC50 of ≤10 nM. Besides a difference in IC50 for the inhibitor, there is also a difference in maximal percent inhibition as seen in this construct to study kinetics of current recovery from inhibition when dephosphorylation is a concern.
The results in Figs. 5 and 6 are important in several aspects. First, the immediate decrease of the macroscopic currents upon the addition of CFTRinh-172 indicates that the channel can be readily inhibited from the open state as proposed in Scheme 1. Although the observation that the open time of ATP-gated WT-CFTR is shortened by CFTRinh-172 (Fig. 2) suggests a direct effect of current recovery phase, we often added PKA into the system to ensure that the observed slow current recovery is not a result of dephosphorylation of CFTR. To further verify this slow recovery, we quantified this recovery phase using a phosphorylation-independent construct characterized previously (i.e., E1371S mutation in a construct without the R domain, or E1371S/R; see Bompadre et al., 2005) . Again, the time constant of the current recovery for E1371S/R is 6 min (Fig. 6, C and D) . Because the activity of E1371S/R-CFTR is independent of phosphorylation, in the following sections we will use closing of the gate by disrupting the NBD dimer. More likely, the two NBDs remain engaged (i.e., the ligand ATPs remain bound), whereas the current is inhibited. It is interesting to note that this reopening in the absence of ATP is reminiscent of one well-known phenomenon for the voltage-gated cation channels that inactivate after activation by depolarization. These inactivated channels can reopen transiently when the membrane potential is stepped to hyperpolarizing voltages, as the inactivated channel will sojourn to the open state before the activation gate closes (Ruppersberg et al., 1991) .
The other important kinetic information from data shown in Fig. 7 is the rate of reopening upon removal of CFTRinh-172. It takes tens of seconds to observe the first reopening of the channels in Fig. 7 . Thus, the inactivated state with both CFTRinh-172 and ATP bound is exceedingly stable and can be considered an absorbing state.
Does CFTRinh-172 bind to the closed state?
As described above, a lack of an inverse relationship between IC50 and Po suggests that Scheme 1 where CFTRinh-172 only binds to the open state is incorrect, despite the fact that this scheme can explain the reopening of the inhibited channels in the absence of ATP (Fig. 7) . More likely, CFTRinh-172 can also bind to the closed state. Again, E1371S-CFTR allows us to address this question. Fig. 8 shows a recording where a super-maximal concentration of CFTRinh-172 was applied for 20 s in the absence of ATP when the channels We have shown above that CFTRinh-172 is unlikely to be a simple open pore blocker. One possible mechanism for CFTR inhibition by CFTRinh-172 could be promotion of ATP dissociation and/or separation of the NBD dimer, as ATP-triggered NBD dimerization is responsible for channel opening (Vergani et al., 2005) . In other words, CFTRinh-172 works by promoting the closure of the gate opened by ATP. This idea can be tested by removing CFTRinh-172 in the absence of ATP once the locked-open channels are inhibited. If the inhibitor works by disengaging NBD dimers and thereby promoting ATP dissociation, one would predict that, once inhibited, channels will need ATP to open again. Fig. 7 shows such an experiment. Once E1371S-CFTR channels were activated with PKA and ATP, the channels were subsequently inhibited by applying 5 µM CFTRinh-172. The current was diminished within a few seconds. The inhibitor was then removed in the absence of ATP. One can clearly discern the reopening of at least four channels in this patch. It can also be seen that there are at least two types of openings in the absence of ATP. Some of those brief openings (Fig. 7 , blue inset) probably represent ATP-independent events observed normally in the absence of ATP for E1371S-CFTR (Bompadre et al., 2005) . On the other hand, the locked-open state is discernable by its characteristic long-lasting events with flickery closures (Fig. 7, red inset) . Based on the idea that the open state represents an NBD dimer (Vergani et al., 2005; Zhou et al., 2006; Tsai et al., 2009) , we conclude that CFTRinh-172 does not promote the what analogous to the closing of the inactivation gate of voltage-gated ion channels-the inactivation gate is not closed until the activation gate is opened (Armstrong, 1971 (Armstrong, , 1974 Armstrong and Bezanilla, 1977) .
Although the biphasic current response to ATP after the channels are exposed to CFTRinh-172 during the closed state was seen consistently, the relative magnitude of the initial current induced by ATP varies. In 12 patches, the ratio of the peak amplitude of the transient current to the original current is 0.38 ± 0.03. Nevertheless, in the continuous presence of ATP, the whole current recovery takes place very slowly, as those shown in Fig. 6 , where the inhibitor was applied to the open channels. Fitting the time course of current recovery with a single-exponential function produces a rate constant of 0.0035 ± 0.0005 s 1 , which is not different from the rate of current recovery for channels inhibited at an open state (i.e., Fig. 6 ). This result suggests that even when the inhibitor hits the closed state, ATP binding (which presumably engages the two NBDs) will render nearly all the channels absorbed in the energetically stable inactivated state.
Three implications from the results shown in Figs. 7 and 8 are worth mentioning here. First, the similarity of these data to the inactivation (Fig. 8) and recovery from inactivation ( Fig. 7) of voltage-gated channels implies the operation of two different gates, one controlled by ATPinduced NBD dimerization and a second "inactivation" gate that closes after CFTRinh-172 binds to the channel. Second, the direct demonstration that CFTRinh-172 can bind to the closed state necessitates a modification of Scheme 1. Third, the relatively small amplitude of the peak current in the biphasic response shown in Fig. 8 suggests that some of the inhibitor-bound closed channels do not respond to ATP. In other words, the inhibitor-bound closed state can travel to a different inactivated state. We therefore added to Scheme 1 two additional states, C inh and I' inh , representing CFTRinh-172-bound closed state and inactivated CFTRinh-172-bound closed state, respectively (Scheme 3 below). It should also be noted that I inh and I' inh are fundamentally different in that, as described above, I inh has both ATP and inhibitor that remain bound, whereas the I' inh state has not been exposed to ATP.
(SCHEME 3) are mostly closed. The inhibitor was removed for 2 s before ATP was added. If the inhibitor can only bind to the open state, ATP will lock open all of the channels because the inhibitor is no longer in the superfusion solution. On the other hand, if the inhibitor can bind to the closed state and the inhibitor-bound closed channels do not respond to ATP, one expects that ATP will not be able to elicit any current. Neither of these two scenarios holds. As seen in Fig. 8 , the application of ATP induced a biphasic current change: an initial increase of the current, followed by step-wise shutdown of individual channels. This surprising result indicates that CFTRinh-172 can bind to the closed state, as ATP fails to lock open the channel. The extremely slow recovery of the current after the biphasic response indicates that at the beginning of the recovery phase, nearly all channels are absorbed in the stable inactivated state (see below for details). For the biphasic response itself, we propose that the CFTRinh-172-bound closed channel can be opened by ATP. However, unlike inhibitor-free E1371S channels that are locked open by ATP, the current from inhibitorbound channels, first elicited by ATP, dropped by itself within a few seconds, as the inhibitor-bound open channels are now inactivated. Again, this observation is some- (Fig. 6) .
only inhibitor bound, is probably less stable because even after exposure of the closed channels to CFTRinh-172 for 20 s, many channels can be still opened by ATP (Fig. 8) . Thus, in C inh ↔I' inh , I' inh does not serve as an absorbing state. Perhaps when ATP is applied, I' inh will travel to the absorbing state, I inh .
Scheme 3 depicts two exit pathways for the captive inactivated state, I inh : one "visible" pathway (I inh →O inh ) where inactivated channels reopen first before they dissipate into other states, and the other "invisible" pathway (I inh →I' inh ), so called because no current will be seen during the recovery of the channels from I inh . Although the experimental results in Fig. 7 demonstrate the reopening upon washout of CFTRinh-172 in the absence of ATP, the next set of experiments will address specifically the invisible pathway.
Unlike the visible pathway, the invisible one involves only transitions through nonconducting states. Because we cannot "see" these events directly, the existence of this pathway can only be inferred if the visible one fails to explain the experimental data. If Scheme 3 is correct, once the channels are fully inhibited to I inh , not all channels recover visibly. This can be examined with the locked-open channels, as their reopenings are readily discernible. Fig. 9 A shows such an experiment in patches containing only a few channels so that the number of reopening events can be counted manually. Because the experimental protocol demands long stationary recordings, the phosphorylation-independent R construct was used. E1371S/R CFTR channels were opened with 1 mM ATP and then inhibited with 2 µM CFTRinh-172. After removal of ATP and the inhibitor from the solution, only one channel reopened in 200 s of recording. However, subsequent application of ATP opened three channels. Thus, the total number of channels recovered from inactivation exceeds the number of channels recovered from the reopening (or visible) pathway. Thus, some channels recover without going through the visible pathway.
In patches that generate macroscopic currents, one can test the existence of the pathway other than reopening by comparing current recovery upon removal of CFTRinh-172 in the presence or absence of ATP. Our experiments show that recovery from inhibition is paradoxically slowed down by the presence of ATP. In Fig. 9 B, one can see that 2 min after the inhibitor was removed, 45.6 ± 3.6% (n = 16) of the initial current was obtained with ATP when the washout solution contained no ATP. On the other hand, if the washout solution contained ATP, 25.4 ± 2.8% (n = 10) of current recovery occurred (Fig. 6 C) . The phenomenon can be explained based on Scheme 3. In the absence of ATP, there are several ways of dissipation from the absorptive state (I inh ): I inh →O inh →O→C, I inh →O inh →C inh →C, and I inh →I' inh →C inh →C. Because both ATP and CFTRinh-172 are removed from the system, most dissipative pathways are irreversible. In contrast, when the washout phase In this scheme (Scheme 3), three vertical transitions represent ATP-dependent gating. In theory, there should be at least ATP-free and ATP-bound closed states, but they are lumped together because millimolar concentrations of ATP were used in our experiments so that the binding step is mostly saturated. The two horizontal transitions on the left represent binding and unbinding of CFTRinh-172 for the open state and the closed state, respectively, whereas the two horizontal steps on the right represent inactivation and recovery from inactivation of the open and closed channels.
More detailed examination of this scheme can be found in the supplemental text. Here, we will briefly summarize how the results shown above lead to this scheme, and then demonstrate a few experiments to further support the validity of the scheme. First, our experiments demonstrate that CFTRinh-172 can bind to both the open state (Fig. 5 ) and the closed state (Fig. 8); i.e., O↔O inh and C↔C inh . The binding of CFTRinh-172 to either the open state (Fig. 5) or the closed state (Fig. 8) does not lead to inhibition directly; an additional step is required; i.e., O inh ↔I inh and C inh ↔I' inh . Fig. 8 also shows that the inhibitor-bound closed channels can be opened by ATP; i.e., C inh ↔O inh . Because the I inh →O inh transition takes at least tens of seconds (Fig. 7) , it is likely that I inh , a state in which both ATP and inhibitor remain bound, is energetically very stable. In contrast, I' inh , a state with Figure 9 . Recovery of inhibited channels bypasses the reopening step. (A) A continuous current trace of E1371S/R-CFTR channels showing that some of the inhibited channels recover from inhibition without reopening. Similar observations were made in seven patches containing two to four channels. (B) Faster recovery of inhibited E1371S/R-CFTR channels in the absence of ATP. 2 min after the removal of CFTRinh-172, more current can be elicited by ATP than that with ATP in the washout solution (Fig. 6 C) . and inhibitor-bound closed state is noted in our experiments where CFTRinh-172 was applied at different times of the gating cycle. Although the binding of CFTRinh-172 to the locked-open channels leads to an energetically captive inactivated "open" state, the inactivated "closed" state is not as stable because even after a long exposure of the closed channels to CFTRinh-172, a significant amount of the inhibitor-bound closed channels is not inactivated, as they can still be opened by ATP (Fig. 8) .
The conclusion that the inactivated open state, I inh , is extremely stable energetically is also supported by experimental results on the recovery of inactivation. It takes tens of minutes for the current to recover upon washout of the inhibitor in the presence of ATP for the lockedopen channels. Even for WT-CFTR under normal ATPdependent gating, a time constant of 40 s for current recovery in the presence of ATP is surprisingly long considering that the open states (inhibitor-bound or inhibitor-free) are allowed to close rapidly. Perhaps the most important observation underscoring this line of reasoning is the long duration before reopening is seen upon washout of CFTRinh-172 in the absence of ATP for lockedopen channels. Although these events are difficult to quantify because of the small size of the signal, raw data shown in Figs. 7 and 9 A indicate that it takes tens to hundreds of seconds to see the reopening events. Observing these reopening events in the absence of ATP allows us to conclude that the NBDs of the inactivated open state remain engaged even though the channel is no longer conducting. In other words, the opening of the channels in the absence of ATP suggests that ATP has yet to dissociate from NBDs. The long-lasting opening events also suggest that the NBD dimer is not separated (Vergani et al., 2005) . Thus, the inhibitor does not work by disrupting NBD dimers.
A minimum kinetic model for the action of CFTRinh-172
As described in the Results, our experimental data lead to a six-state kinetic model (Scheme 3). It should be noted that although the existence of each state in Scheme 3 is supported by experimental observations, this model should be considered a minimum scheme. For example, it does not include steps portraying the dissociation of CFTRinh-172 from the inhibited states (I inh and I' inh ). However, including those steps will have to imply that both the open state and the closed state can be inactivated in the absence of CFTRinh-172. Although this could be the case, so far we do not have direct evidence supporting this notion. We have also lumped together many closed states because we are using a millimolar concentration of ATP so that the ATP-binding step is nearly saturated.
In the supplemental text, we demonstrate at least semi-quantitatively how Scheme 3 can duplicate most of our data. Here, we will qualitatively describe some interesting features of this kinetic model. Although there are occurs in the presence of ATP, the reactions I inh →I' inh and O inh →C inh are reversed and therefore two of the dissipative pathways are greatly slowed down. Thus, only one pathway is left for the recovery after inhibition.
D I S C U S S I O N
In this study, we investigated the mechanism of CFTR inhibition by the thiazolidinone derivative, CFTRinh-172, a specific inhibitor identified by high-throughput screening assays (Ma et al., 2002) . Here, we will first draw several model-independent conclusions based on our data and then discuss the validity and potential limitations of the proposed kinetic scheme. Finally, we will speculate on the possible structural mechanism for the action of CFTRinh-172.
CFTRinh-172 as a gating modulator
Contrary to a previous report , we found that CFTRinh-172 causes both a decrease in the open time and an increase in the closed time for WT-CFTR gated by ATP. This finding, together with the observation that CFTRinh-172 inhibits locked-open CFTR channels without a significant delay, indicates that the inhibitor can bind to the open state. As the channels preexposed to CFTRinh-172 during the closed state respond to ATP differently than the channels without preexposure, one has to conclude that CFTRinh-172 can also bind to the closed state. Thus, the binding site for CFTRinh-172 is accessible in both the open state and the closed state.
Interestingly, unlike a simple pore-plugging mechanism, the binding of CFTRinh-172 to either the open state or the closed state does not cause immediate inhibition of the current. The hyperbolic relationship between and the closing rate suggests that an additional step is required for the inhibitor-bound open state to travel to the inactivated state. This additional step may reflect a conformational change initiated by the binding of the inhibitor. Our studies do not provide any information on the exact conformational changes involved. It should also be noted that we cannot completely rule out the possibility that CFTRinh-172 binds to the pore, as a more complicated mechanism of blockade that involves a docking and a blocking step may explain some of our data (Zhou et al., 2001; Zhang et al., 2009 ). However, a lack of voltage dependence ( Fig. 1) (Ma et al., 2002; Taddei et al., 2004 ) is more in line with an allosteric mechanism rather than simply plugging the pore.
One of the most striking observations is the correlation between the potency of CFTRinh-172 and the open time: the longer the open time, the lower the IC50. This result suggests that the action of CFTRinh-172 on the open state is different from its effect on the closed state, although, as described above, both states can bind the inhibitor. A major difference between inhibitor-bound open state preexposed to CFTRinh-172 yields current rise in two phases without the appearance of inactivation. It should be noted that this apparent inactivation can be seen with WT-CFTR if we slightly modify the protocol. Also seen in Fig. 10 , when ATP is applied in the continuous presence of CFTRinh-172, an initial increase of the current is followed by inactivation. This is simply because the presence of ATP and the inhibitor together shifts the reaction to favor the dominance of the O inh state, which then dissipates into the I inh state (see supplemental text for simulations).
Structural implications
As an ion channel, CFTR must possess a gate that controls the ion permeation pathway. Numerous functional studies have provided compelling evidence that this activation gate is controlled by ATP binding to CFTR's two NBDs and subsequent dimerization of the ATP-bound NBDs (for review see Chen and Hwang, 2008; Hwang and Sheppard, 2009) . However, being a member of the ABC transporter family, CFTR likely evolves from an active transporter. Phylogenic analysis has classified CFTR into the ABCC subfamily, in which many members function to export organic anions (Dean and Annilo, 2005) . If we accept the idea that the ancestor of CFTR is an exporter, one can assume that this ancestor protein likely possesses two gates as a transporter requires. This primordial protein will have its substrate-binding site accessible to the cytoplasmic side before ATP binds, and dimerization of its two ATP-bound NBDs will trigger conformational changes that render the binding site exposed to the extracellular side. This classical alternating access model for a transporter has gained support from crystallographic studies that demonstrate outward-facing and inwardfacing configurations of the TMDs of ABC proteins (Locher et al., 2002; Locher, 2006, 2007;  overall seven transitions between states in Scheme 3, they can be divided into three Thus, considering the four states on the right of Scheme 3, we can conclude that the opening of the activation gate by ATP facilitates inactivation, a phenomenon similar to the well-known observation for voltage-gated cation channels (Armstrong, 1971 (Armstrong, , 1974 Armstrong and Bezanilla, 1977) . Thermodynamic constraints then dictate that inactivation promotes opening of the activation gate.
Scheme 3 also explains reopening of the locked-open channels in the absence of ATP upon washout of the inhibitor. This observation is analogous to the gating mechanism of some potassium channels where depolarization-induced, inactivated channels reopen transiently upon hyperpolarization, as the inactivation gate opens before the activation gate closes (Ruppersberg et al., 1991) . If the activation gate is allowed to close and indeed closes much faster than recovery from the inactivated state (I inh ), one will not see reopening. Scheme 3 predicts just that: this reopening will only be seen with channels with a slow closing rate (e.g., locked-open channels). When the closing rate of the inactivated channels (I inh →I' inh ) is much faster than the rate of reopening from the inactivated open state (I inh →O inh ), the recovery from inactivation will take place predominantly through the so-called "invisible pathway" (i.e., I inh →I' inh →C inh ) upon removal of the inhibitor. Indeed, for WT-CFTR gated by ATP, removal of the inhibitor in the absence of ATP did not elicit any transient current response (unpublished data). On the other hand, for locked-open channels, the slow closing of the activation gate allows the inactivated open state to travel to the inhibitor-bound open state to become visible (i.e., I inh →O inh in Scheme 3).
In addition to the aforementioned differences between WT and E1371S channels regarding the mechanism of recovery from inactivation, Scheme 3 also predicts differences in inactivation per se. For E1371S-CFTR, because the closing rate is much slower than the rate of inactivation (i.e., O inh →C inh << O inh →I inh ), the application of ATP to channels preexposed to CFTRinh-172 (Fig. 8) will generate a biphasic current response as a result of C inh →O inh →I inh . However, the same protocol, when used for WT-CFTR, will produce different results because the transition O inh →I inh is slow compared with other transitions that dissipate the O inh state. Indeed, as seen in Fig. 10 , the application of ATP to WT-CFTR Figure 10 . Inactivation of WT-CFTR by CFTRinh-172. A continuous recording of WT-CFTR channels exposed to CFTRinh-172 during the closed state. Phosphorylated channels were first exposed to 5 µM CFTRinh-172 in the absence of ATP. In the continuous presence of the inhibitor, the application of 1 mM ATP elicited a biphasic current response with an apparent inactivation phase. In the same patch, when ATP was applied after the inhibitor was removed, a different biphasic current response appeared (see supplemental text for simulated results based on Scheme 3).
open channels are inactivated more readily than the inhibitor-bound closed channels (see above).
No doubt, the two-gate hypothesis proposed here needs to be further tested. Because this idea is borrowed from the voltage-gated ion channel field, perhaps many of the strategies used previously to understand how voltage-gated cation channels activate and inactivate can be used to further examine this hypothesis. mutagenesis. Biochem. J. 413:135-142. doi:10.1042/BJ20080029 Cai, Z., A. Taddei, and D.N. Sheppard. 2006 . Differential sensitivity of the cystic fibrosis (CF)-associated mutants G551D and G1349D to potentiators of the cystic fibrosis transmembrane conductance regulator (CFTR) Cl  channel. J. Biol. Chem. 281:1970 -1977 . doi:10.1074/jbc.M510576200 Hollenstein et al., 2007; Hvorup et al., 2007; Pinkett et al., 2007) . Based on this idea, we have proposed that the dimerization-opened activation gate of CFTR is located at the extracellular end of the TMD (Tsai et al., 2009 ; also see Csanády, 2010) . Thus, during evolution, the other gate located at the intracellular end of the TMD for this ancestor protein is degenerated so that CFTR can function as an ion channel (Chen and Hwang, 2008) .
Although our work does not provide direct evidence pointing to a definitive structural mechanism for the action of CFTRinh-172, here we will discuss several possibilities. First, because binding of CFTRinh-172 to the channel leads to complete shutdown of the single-channel current, one has to conclude that the pore is obstructed. This can be a result of a direct blockade of the pore by CFTRinh-172. As explained above, the inhibitor may dock to the superficial position of the pore before it travels to a deeper position to block chloride ion movement through the permeation pathway. The observation that mutations of the R347 residue in the sixth transmembrane segment alter the apparent affinity for CFTRinh-172 appears to support this idea (Caci et al., 2008) , but these mutational effects could be secondary to changes in gating kinetics. Furthermore, the residue R347, mutations of which produce most changes in the apparent affinity, is not a pore-lining residue (Dawson et al., 1999; McCarty and Zhang, 2001; Ge et al., 2004; Bai et al., 2010) . Furthermore, the idea that CFTRinh-172 inhibits CFTR by plugging the pore is difficult to explain why ATP, which keeps the gate open, in fact slows down current recovery upon removal of the inhibitor.
Second, CFTRinh-172 may work by decoupling NBDs from the activation gate controlled by ATP-induced NBD dimerization. This decoupling hypothesis is not only difficult to substantiate (or disapprove) because of the nonspecific nature of this hypothesis, but it is also difficult to explain how this decoupling preferentially occurs in the open state versus the closed state. Perhaps more importantly, the decoupling hypothesis does not provide clear insights for further examining this idea through experimentation.
Third, part of the CFTR protein itself, like in the case of plugging the K + channel pore by the inactivation ball Zagotta et al., 1990) , blocks the permeation pathway upon the binding of CFTRinh-172. In light of the evolutionary relationship between CFTR channels and ABC transporters, and the fact that many of our data can be explained by the action of an inactivation gate, this interesting possibility is worth consideration. One can imagine that opening the activation gate by ATP will cause constriction of the intracellular end of TMDs, where the inhibitor blocks the pore. Regardless, this hypothesis predicts that the opening of the activation gate should facilitate the closing of the inactivation gate because during a transport cycle, these two gates are coupled. Our data indeed show that inhibitor-bound
